The adenovirus (Adv) oncoprotein E1A stimulates cell proliferation and inhibits differentiation. These activities are primarily linked to the N-terminal region (exon 1) of E1A, which interacts with multiple cellular protein complexes. The C terminus (exon 2) of E1A antagonizes these processes, mediated in part through interaction with C-terminal binding proteins 1 and 2 (CtBP1/2). To identify additional cellular E1A targets that are involved in the modulation of E1A C-terminus-mediated activities, we undertook tandem affinity purification of E1A-associated proteins. Through mass spectrometric analysis, we identified several known E1A-interacting proteins as well as novel E1A targets, such as the forkhead transcription factors, FOXK1/K2. We identified a Ser/Thr-containing sequence motif in E1A that mediated interaction with FOXK1/K2. We demonstrated that the E6 proteins of two beta-human papillomaviruses (HPV14 and HPV21) associated with epidermodysplasia verruciformis also interacted with FOXK1/K2 through a motif similar to that of E1A. The E1A mutants deficient in interaction with FOXK1/K2 induced enhanced cell proliferation and oncogenic transformation. The hypertransforming activity of the mutant E1A was suppressed by HPV21 E6. An E1A-E6 chimeric protein containing the Ser/Thr domain of the E6 protein in E1A interacted efficiently with FOXK1/K2 and inhibited cell transformation. Our results suggest that targeting FOXK1/K2 may be a common mechanism for certain beta-HPVs and Adv5. E1A exon 2 mutants deficient in interaction with the dual-specificity kinases DYRK1A/1B and their cofactor HAN11 also induced increased cell proliferation and transformation. Our results suggest that the E1A C-terminal region may suppress cell proliferation and oncogenic transformation through interaction with three different cellular protein complexes: FOXK1/K2, DYRK(1A/1B)/HAN11, and CtBP1/2. Adenovirus (Adv) is a model DNA tumor virus that has been widely used to decipher critical pathways of oncogenesis. The adenovirus early gene E1A is an intensely investigated viral oncogene and has been instrumental in uncovering common cell cycle-regulatory pathways shared by other DNA tumor virus oncogenes such as human papillomavirus (HPV) E7 (reviewed in reference 43) and simian virus 40 (SV40) T antigen (Ag) (reviewed in reference 9). E1A promotes cellular entry into S phase by deregulating the cell cycle and activates other early viral genes to facilitate viral replication. As a consequence of nonproductive infection, E1A immortalizes rodent cells and also oncogenically transforms these cells in cooperation with other viral or cellular oncogenes (27, 32, 52, 62) .
Adenovirus (Adv) is a model DNA tumor virus that has been widely used to decipher critical pathways of oncogenesis. The adenovirus early gene E1A is an intensely investigated viral oncogene and has been instrumental in uncovering common cell cycle-regulatory pathways shared by other DNA tumor virus oncogenes such as human papillomavirus (HPV) E7 (reviewed in reference 43) and simian virus 40 (SV40) T antigen (Ag) (reviewed in reference 9). E1A promotes cellular entry into S phase by deregulating the cell cycle and activates other early viral genes to facilitate viral replication. As a consequence of nonproductive infection, E1A immortalizes rodent cells and also oncogenically transforms these cells in cooperation with other viral or cellular oncogenes (27, 32, 52, 62) .
The E1A gene encodes two major protein isoforms that are expressed from two mRNAs (13S and 12S) generated by alternative RNA splicing. The 13S mRNA encodes a 289-aminoacid ([aa] 289R) protein while the 12S mRNA encodes a 243-amino-acid (243R) protein. The 289R and 243R proteins differ by a 46-amino-acid region that is unique to 289R. The 243R protein is not required for viral replication; however, it is sufficient to mitigate cell cycle deregulation and to induce cell transformation. These activities of E1A have been linked to interaction with different cellular protein complexes, which are mediated through distinct sequence motifs in E1A (reviewed in reference 50). Many of these interactions occur with the N-terminal half of E1A encoded by exon 1. These cellular proteins include histone acetyltransferases, p300/CBP (2, 16) , and the TRRAP/p400/GCN5 multiprotein chromatin remodeling complex (11, 25, 36) and the retinoblastoma (Rb) family proteins (18, 31, 37, 42, 60) . The retinoblastoma tumor suppressor, pRb, is one of the best-characterized cellular targets of E1A. E1A binds pRb through an LXCXE motif, which results in the displacement of pRb from E2F family transcription factors (7) . Relief of pRb-mediated transcriptional repression allows E2F transcription factors to activate S-phase genes, resulting in cell cycle progression. This is a common mechanism shared by other DNA tumor virus transforming proteins such as HPV E7 and SV40 T Ag that also bind pRb through the LXCXE motif (10, 15) .
Although the role of E1A target proteins in cell transformation has been intensely investigated (reviewed in reference 24), the complex mechanisms through which E1A exerts its effects on cell transformation cannot be explained through interactions with known cellular proteins alone. We have only limited understanding of the potential role of cellular proteins and the E1A C-terminal region (encoded by exon 2) in modulating cell transformation and oncogenesis. Deletion of the E1A C-terminal region results in "hypertransformed" cells in Ras-cooperative transformation assays (6, 13, 20, 54, 56) . In addition, the transformed cells expressing E1A with deletions in the C-terminal region are more tumorigenic, invasive, and metastatic (38, 56) . These results are consistent with the view that the C-terminal region of E1A suppresses oncogenic transformation, tumorigenesis, and metastasis (8) . However, the mechanisms underlying the tumor-suppressive effect of the E1A C-terminal region are not fully understood. Our laboratory identified and cloned a cellular protein, C-terminal binding protein (CtBP) , that interacts with a conserved sequence motif, PLDLS, in the C-terminal region of E1A (6, 54) . At least part of the tumor-suppressive effect of the E1A C-terminal region appears to be linked to the interaction with CtBP via relief of CtBP-mediated transcriptional repression of genes involved in epithelial to mesenchymal transformation and apoptosis regulation (29) . In addition to CtBP, the C-terminal region has also been reported to interact with the yeast dual-specificity Ser/ Thr kinase Yak1p (homolog of mammalian DYRK1A/1B) in yeast two-hybrid screening (64) . The functional consequence of a Yak1p interaction with E1A is not known.
In an attempt to identify novel E1A targets that could enhance our knowledge of the role of the C-terminal region, we isolated E1A protein complexes by tandem affinity purification (TAP) and identified E1A-associated proteins by mass spectrometry (MS). Here, we report the association of the forkhead family transcription factors, FOXK1 and FOXK2, in addition to CtBP1/2 and DYRK1A/1B, with the C-terminal region of E1A. We also present evidence that suggests that E1A interaction with FOXK1/K2 inhibits E1A-induced proliferation and transformation. We have discovered that the E6 proteins of certain low-oncogenic-potential cutaneous ␤-HPVs such as HPV14 and HPV21 (HPV14/21) also target FOXK1/K2 through a distinct sequence motif shared with Adv5 E1A. Our results suggest that two different viral proteins, E1A and HPV14/21 E6 may suppress cell transformation by a common mechanism. Additionally, our results also suggest that interaction of E1A with the dual-specificity kinases DYRK1A/1B and their cofactor HAN11 may result in suppression of cell proliferation and transformation.
MATERIALS AND METHODS
Cells. Suspension cultures of KB cells were maintained in Joklik modified minimal essential medium (MEM) containing 5% horse serum (Sigma). A549, 293, and HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum. BRK (baby rat kidney) cells were prepared as previously described (56) and maintained in DMEM containing 10% fetal bovine serum.
Viruses. For construction of Adv5FH-E1A (Adv5 expressing an E1A fusion protein tagged with Flag and hemagglutinin [HA]), a double-stranded oligonucleotide (5Ј-CGCGTGACTACAAGGATGACGATGACAAGGCTTACCCTT ATGACGTCCCCGATTACGCCAGCCTCGAGA and 5Ј-CTAGTCTCGAGG CTGGCGTAATCGGGGACGTCATAAGGGTAAGCCTTGTCATCGTCAT CCTTGTAGTCA) coding for the Flag (DYKDDDDK) and HA(YPYDVP DYA) epitopes at the N terminus of E1A was cloned into two unique restriction sites (MluI and SpeI) located immediately after the ATG codon of EIA in a plasmid containing the left end of Adv5 DNA (nucleotides [nt]1 to 2804). The plasmid pFH-E1A was further extended to include the E1B sequences to generate a single transfer vector (nt 1 to 5788). Adv5FH-E1A recombinant virus was generated by cotransfection of the left-end transfer vector and the Adv5 genomic plasmid pacAd5 9.5-100 (nt 3320 to 33935) (1). The recombinant virus was plaque purified, amplified, and banded in CsCl. The Adv5 exon 1 and exon 2 deletion mutants (based on dl520 that expresses only the 243R protein) have been previously described (17, 34, 46) .
Plasmids. The E1A plasmids (dl520-based) containing exon 2 deletions have been described previously (46) . The exon 2 mutants were also constructed in retroviral plasmid vectors pBABE-Puro (45) or pLPC (53) expressing Adv2 12S cDNA. E1A mutants S219A, T229A, and S231A were constructed by oligonucleotide-directed mutagenesis using a Quick-Change kit from Stratagene. For the construction of HPV E6 expression plasmids, the E6-encoding regions (with Flag tags at the C terminus) were amplified by PCR from plasmids pZNeo21E6PH, pZneo20E6PH, pZneo14E6PH (35) , and pDONR5E6 (59) and cloned into pTet-GFP (where GFP is green fluorescent protein) vector. For induced expression of pTet-E6 plasmids, they were cotransfected with pTet-TAK as described previously (63) . Mutations in the E6 open reading frame (ORF) were introduced by a QuickChange Site-Directed Mutagenesis Kit (Stratagene). pE1A-HPV21-E6 was constructed by replacing the E1A sequences coding for residues 224 to 237 (14 aa) with HPV21 E6 sequences coding for the N-terminal 14-aa region (1 to 14). For transformation assays, the HPV21 E6 ORF was cloned in the vector pLPC. The FOXK1 expression plasmid pAS2256 (FOXK1) was a gift from A. D. Sharrocks (21) . Mutants in the FOXK1 ORF were generated by PCR and recloned into p3XFlagCMV7.1 (Sigma). Plasmid pcDNA-S-HAN11 was a gift from A. V. Skurat (55) .
TAP and mass spectrometry. To isolate cellular protein complexes associated with E1A, a suspension culture of 1.0 ϫ 10 9 KB cells was either mock infected or infected with Adv5FH-E1A at 5 PFU/cell. After 17 to 18 h of infection, whole-cell lysates were prepared in a lysis buffer (20 mM Tris-HCl, pH 8.0, 0.3 M KCl, 5 mM MgCl 2 , 10% glycerol, 0.1% Tween 20, 10 mM 2-mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride [PMSF] supplemented with a protease inhibitor tablet). The cells were lysed by three freeze-thaw cycles and incubation on ice for 30 min. Lysates were cleared by centrifugation, and the supernatant was subsequently diluted with 2 volumes of lysis/dilution buffer (20 mM TrisHCl, pH 8.0, 10% glycerol, 0.1% Tween 20, 7 mM 2-mercaptoethanol, and 0.25 mM PMSF supplemented with a protease inhibitor tablet). The lysates were recleared by centrifugation, and the supernatant was then incubated with protein A-agarose. E1A-associated protein complexes were isolated by TAP using antiFlag-conjugated agarose beads (Sigma) and anti-HA-conjugated agarose beads (Roche). First, lysates were added to the anti-Flag beads and left rotating at 4°C overnight. The protein complexes were washed three times with wash buffer (20 mM Tris HCl, pH 8.0, 0.1 M KCl, 5 mM MgCl 2 , 0.2 mM EDTA, 10% glycerol, 0.1% Tween 20, 7 mM 2-mercaptoethanol, and 0.25 mM PMSF supplemented with a protease inhibitor tablet [Roche] ). Protein complexes were eluted with 0.2 mg/ml of the Flag peptide (Sigma) for 1 h and subsequently purified with anti-HA beads. Protein complexes were extensively washed with wash buffer and eluted with 2ϫ SDS sample buffer. The isolated protein complexes were boiled and resolved by a 4 to 12% SDS-NuPAGE gradient gel (Invitrogen). Protein bands were either visualized by staining with silver stain (Bio-Rad) or with SYPRO Ruby protein gel stain (Invitrogen) and subsequently excised and trypsinized for identification by mass spectrometric analysis. Liquid chromatography-tandem MS (LC-MS/MS) was performed at the Donald Danforth Plant Science Center Proteomics and Mass Spectrometry facility.
Immunoprecipitation, Western blot analysis, and antibodies. Cells were typically collected at 20 to 24 h post-viral infection or at 24 to 48 h posttransfection (using Lipofectamine 2000 reagent; Invitrogen). Cells were washed, lysed, and cleared by centrifugation. Cell lysates were then cleared with protein A-agarose beads and bound to antibody-conjugated beads. After precipitation, protein complexes were extensively washed and eluted with 2ϫ SDS sample buffer, resolved by SDS-PAGE, and subjected to Western blotting. The following antibodies were used for immunoprecipitation: anti-Flag (A2220; Sigma), anti-HA (11815016001; Roche), anti-E1A (M73; sc-25AC; Santa Cruz), anti-E1A (M58; catalog number 554155; BD Biosciences). The following antibodies were used for Western blotting: anti-TRRAP (T17; Santa Cruz), anti-p300 (sc-554; Santa Cruz), anti-p130 (C-20; Santa Cruz), anti-p107 (C-18; Santa Cruz), anti-Rb Transformation and tumorigenesis assays. Primary BRK cells were plated in six-well plates 1 day prior to transfection. Plasmids expressing Adv5 E1A, HPV E6, and the E1A-E6 chimera (0.5 g/well; in vectors containing Neo or Puro markers) were transfected along with a plasmid expressing Ras (1.0 g/well) into cells using jetPEI according to the manufacturer's specifications. At 24 h posttransfection, the medium was replaced with fresh medium containing G418 (50 g/ml) or puromycin (0.5 g/ml). Medium was refreshed every 4 days for 10 to 12 days. Transformed colonies were stained with crystal violet or trypsinized to establish pooled cell lines for tumor studies. For tumor induction, 1 ϫ 10 6 transformed BRK cells were injected subcutaneously into athymic (nude) mice. The injection site was monitored for tumor formation for up to 2 weeks. Tumor sizes were determined by measurement of tumor length, width, and depth with a Vernier caliper. At least four mice were used per group.
RESULTS

Identification of E1A-interacting proteins.
To identify novel cellular proteins associated with E1A during viral infection, we used a TAP (tandem affinity purification) approach. We generated a recombinant Adv5 that expresses an E1A fusion protein tagged with Flag and HA epitopes. The recombinant virus (Adv5FH-E1A) replicated and formed plaques similar to the wild-type (wt) Adv5 in human A549 cells, indicating that the TAP tag did not significantly disrupt E1A functions (data not shown). In order to isolate E1A-protein complexes, human KB cells growing in suspension culture were either mock infected or infected with Adv5FH-E1A. E1A-associated protein complexes were isolated from whole-cell lysates, purified by TAP, and resolved by SDS-PAGE. Proteins present specifically in the protein complex purified from cells infected with Adv5FH-E1A were selected and identified by LC-MS/MS. This analysis identified several previously described E1A-interacting proteins: TRRAP, pRb, p107, CtBP1/2, CDK2, and cyclin E. We also identified novel E1A-interacting proteins including FOXK1/K2, HAN11, and B23. Additionally, the human homolog of Yak1p, DYRK1A, was identified (Fig. 1A ). The TAP process followed by mass spectrometric analysis was repeated three times with a consistent profile of E1A-interacting proteins. Proteins identified by mass spectrometry were confirmed by Western blot analysis of the TAP eluate (Fig.  1B) . Two previously known E1A-binding proteins, p300 and p130, were not detected by mass spectrometry but were detected by Western blot analysis of TAP protein complexes.
In order to further verify the interaction of E1A with the newly identified E1A-interacting proteins, we purified the E1A-cellular protein complex from 293 cells (which constitutively express Adv5 E1A and E1B proteins) using anti-E1A (M73) antibody-conjugated beads followed by Western blot analysis (Fig. 1C) . Since the epitope for the E1A M73 antibody maps in the CtBP1/2 binding site, the anti-E1A (M58) antibody was used for immunoprecipitation in the bottom panel to demonstrate the E1A interaction with CtBP1/2. All the newly identified proteins (FOXK1/K2, HAN11, and B23) were detected in the E1A protein complex immunoprecipitated with E1A antibodies from 293 cells (which express E1A and E1B) and not from HeLa cells. Between the two related dual-specificity kinases DYRK1A and DYRK1B, only DYRK1A was detected in mass spectrometric analysis of the protein complex isolated from KB cells (Fig. 1A and B) . However, immunoprecipitation analysis of proteins isolated from 293 cells revealed association of both kinases with E1A (Fig. 1C) . Among the E1A-interacting proteins identified here, we chose to focus on FOXK1/K2 transcription factors since the yeast homologs, Fkh1 and Fkh2 (Fkh1/2) (reviewed in reference 5) and mammalian FOXK1, have been shown to regulate cell cycle and differentiation (reviewed in reference 41). Due to our specific interest in the proteins interacting with the C-terminal region of E1A, we also chose to map the E1A sequences involved in DYRK1A/1B and HAN11 binding.
Mapping of FOXK1/K2 and DYRK1A/HAN11 interaction domains in E1A. To map the E1A sequences involved in interaction with the newly identified E1A-interacting proteins, we infected HeLa cells with a large panel of previously characterized Adv5 mutants ( Fig. 2A) . The E1A protein was immunoprecipitated with M73-conjugated beads and analyzed by Western blotting. All exon 1 mutants interacted with FOXK1/K2 and DYRK1A (Fig. 2B) . (The low level of pRb interaction with mutant dl1108 [conserved region 2 (CR2)] may reflect the presence of the second Rb-binding site in CR1). Similarly, these E1A-associated proteins also interacted with both the 243R (12S) and the 289R amino acid (13S) proteins (data not shown), ruling out interaction with the CR3 region. These results suggested that FOXK1/K2, DYRK1A, and HAN11 interacted with the E1A exon 2-encoded region. Immunoprecipitation analysis revealed that the deletion mutant dl1132, which lacks amino acids 224 to 238 in the Cterminal region, exhibited a greatly reduced interaction with FOXK1/K2. The mutant dl1132 retained the ability to interact with the other E1A C-terminal binding proteins, CtBP2 and DYRK1A, as well as with pRb, which is an E1A N-terminal binding protein (Fig. 2C) . (In Fig. 2C , E1A protein was not immunoprecipitated from cells infected with dl1135 as the epitope for M73 antibody maps within the sequences deleted in the mutant [6, 46] ). Our results also showed that DYRK1A and HAN11 were deficient in interaction with the E1A Cterminal deletion mutants dl1133 (deletion of aa 241 to 254) and dl1134 (deletion of aa 255 to 270) (Fig. 2D) . Both mutants appeared to be specifically deficient in interaction with DYRK1A as they retained the ability to interact with FOXK1/K2 (Fig. 2C) and CtBP2 (Fig. 2D) . To map the region of E1A required for interaction with HAN11, we transfected S-tagged HAN11 in HeLa cells and infected them with Adv5 E1A exon 2 deletion mutants. Protein complexes were immu- on November 12, 2017 by guest http://jvi.asm.org/ noprecipitated with anti-E1A (M58) antibody, and the Western blots were probed with S-tag antibody (Fig. 2D ). HAN11 exhibited an interaction pattern similar to that of DYRK1A (i.e., deficient in interaction with dl1133 and dl1134). These results agree with previous results which identified HAN11 as a cofactor of DYRK1A (55) . Based on our current results and previously known results, the interaction of major cellular proteins with E1A is summarized in Fig. 7 .
Defining the FOXK1/K2 interaction motif on E1A. In addition to the winged-helix DNA binding domain that is characteristic of all forkhead family members, FOXK1 and FOXK2 contain an FHA (forkhead-associated) domain. FOXK1/K2 are the only members of the forkhead transcription factors that have an FHA domain (reviewed in reference 14). FHA domains are phosphoprotein interaction modules that can specifically recognize phosphorylated residues within diverse proteins (reviewed in reference 39). We hypothesized that FOXK1 may interact with E1A through this unique domain. To investigate this possibility, we made a series of Flag-tagged FOXK1 deletion mutants (Fig. 3A) . When coexpressed with E1A-12S in HeLa cells, the FOXK1 deletion mutant lacking the FHA domain (⌬FHA) showed a greatly reduced association with E1A, as detected by coimmunoprecipitation (Fig.  3B) . Additionally, deletion of the N-terminal region of FOXK1 reduced the level of interaction with E1A, but the interaction was detectable. Considering the lower-level expression of this mutant protein (Fig. 3B, lower panel) , it appears that the relative level of interaction of this mutant with E1A may be more significant than with the ⌬FHA mutant.
There are multiple serine and threonine residues within the C-terminal FOXK1/K2-interacting domain on E1A which could mediate interaction with the FHA domain of FOXK1/ K2. Serine 219 (residue 173 in 12S) and S231 (residue 185 in 12S) in the exon 2 region have been shown to be phosphorylated (57, 58) . In order to investigate the requirement of E1A C-terminal serine and threonine residues for FOXK1 interaction, we made Ser-219 3 Ala, Thr-229 3 Ala, and Ser-231 3 Ala substitution mutants within the FOXK1/K2 interaction site (Thr-229 and Ser-231) and the adjoining upstream sequence (Ser-219) (Fig. 3C) . The E1A mutant constructs were then transfected into HeLa cells, E1A was immunoprecipitated with M73-conjugated antibody beads, and E1A-associated proteins were probed by Western blot analysis with antibodies specific to FOXK1 or FOXK2. Our results indicated that mutating Ser-219, Thr-229, or Ser-231 abolished FOXK1/K2 interaction with E1A (Fig. 3D) . These results indicated that all three residues were critical for the interaction of FOXK1/K2 with E1A. It should be noted that Ser-219 is located upstream of the E1A region deleted in dl1132. Therefore, it appears that sequences deleted in dl1132 as well as some additional upstream sequences that include Ser-219 may be required for FOXK1/K2 interaction with E1A. In order to confirm that the serine and threonine point mutations did not cause gross structural changes in E1A, we determined the interaction of the mutant proteins with cellular proteins that interact with the N-terminal region (pRb) or the C-terminal region (DYRK1A and CtBP2) of E1A. E1A was immunoprecipitated with M58 antibody and analyzed by Western blotting. This analysis showed efficient interaction of the mutant proteins with pRb, DYRK1A, and CtBP2 (Fig.  3D) . Lastly, we investigated the effect of E1A phosphorylation on FOXK1 binding by treating immunoprecipitated E1A with protein phosphatase before combining E1A with the cell extract containing Flag-tagged FOXK1. The level of interaction of FOXK1 with phosphatase-treated E1A was reduced (Fig. 3E) , suggesting that phosphorylation of E1A enhances interaction with FOXK1.
Suppression of cell proliferation, transformation, and tumor formation by E1A C-terminal protein interaction modules.
Reports from our laboratory (6, 54, 56) and from the Quinlan laboratory (13, 20) have indicated that the C terminus of E1A negatively regulates E1A-induced cell transformation in the presence of activated Ras. Since the vertebrate and the yeast homologs of FOXK1/K2 have been reported to regulate the cell cycle, we investigated the role of the FOXK1-interaction domain on E1A-induced cell proliferation of primary BRK cells. BRK cells were infected with Adv5 dl312 (E1A minus), Adv5-12S, or different E1A C-terminal deletion mutants (dl1132, dl1133, dl1134, and dl1135). At 24 h postinfection, cells were labeled with BrdU and 7-aminoactinomycin D (7-AAD), and the number of cells in S phase was determined by fluorescence-activated cell sorter (FACS) analysis (Fig. 4A) . Our results indicated that all of the E1A C-terminal deletion mutants that we tested, including dl1132, induced increased cell proliferation. Since dl1132 is deficient in FOXK1 interac- tion [yet retains the ability to interact with CtBP1/2 and DYRK(1A/1B)HAN11], these results suggest that the E1A-FOXK1/K2 interaction inhibits E1A-induced proliferation. Similarly, mutants dl1133 and dl1134, deficient in interaction with DYRK(1A/1B)/HAN11, also induced enhanced cell proliferation. Next, we determined the effect of E1A-FOXK1/K2 interaction on E1A-Ras cooperative transformation. BRK cells were transfected with plasmids expressing either wt E1A 12S (dl520) and Ras or the FOXK1/K2 interaction-deficient mutant, dl1132, and Ras. The numbers and sizes of colonies produced in cells transfected with dl1132 and Ras were greater than those generated by wt 12S and Ras-transfected cells (Fig. 4B) .
These results suggest that the E1A-FOXK1/K2 interaction domain inhibits E1A-induced transformation. As expected, E1A mutants dl1133 and dl1134 as well as dl1135 resulted in enhanced Ras-cooperative transformation. Therefore, E1A interactions with FOXK1/K2 as well as DYRK(1A/1B)/HAN11 and CtBP likely play significant roles in the negative regulation of E1A-induced transformation.
Lastly, we determined the effect of the FOXK1/K2 interaction domain of E1A on tumor formation. Transformed cells induced by either E1A 12S and Ras, dl1132 and Ras, or dl1133 and Ras were tested for tumorigenicity in athymic mice. As expected, mice injected with cells transformed with dl1132 plus Ras and dl1133 plus Ras produced larger tumors than those injected with 12S plus Ras (Fig. 4C) . Collectively, these results suggest that the E1A-FOXK1/K2 interaction may negatively regulate cell proliferation, transformation, and tumorigenicity. Therefore, FOXK1/K2 likely play a significant role in the negative regulation of E1A-induced tumorigenicity. Interestingly, dl1133-Ras induced tumors were larger than dl1132-Ras induced tumors. These results are consistent with the effect of dl1133 [defective interaction with DYRK(1A/1B)/HAN11] on cell proliferation and transformation. Thus, our results also suggest that the E1A region involved in DYRK(1A/1B)/ HAN11 interaction may be a more potent negative regulator of E1A-induced oncogenesis than the FOXK1/K2 interaction domain.
Interaction of FOXK1/K2 with the E6 protein of cutaneous HPVs. The results shown in Fig. 2C suggested that FOXK1/K2 interacted with E1A sequences encompassing residues 224 to 238 (i.e., sequences deleted in mutant dl1132). Prompted by previously known findings that other DNA tumor virus oncoproteins, such as HPV oncoproteins E7 and E6, target proteins that are targeted by Adv oncoproteins E1A (reviewed in reference 43) and E4(HAdv9)-Orf1 (26), we undertook a data bank search to identify sequence motifs similar to the FOXK1/ K2-interacting sequences of E1A in other viral oncoproteins. This search identified a striking homology with the E6 proteins of cutaneous ␤-HPVs, HPV14 and HPV21 (Fig. 5A) . A related motif was also detected in the E6 protein of HPV20. HPVs 21, 14, and 20 are highly related and belong to a subgroup of ␤-HPVs (12, 59) . The E6 proteins of these HPVs are substantially similar to the prototypical member of the ␤-HPVs, HPV5. Additionally, they contain a unique N-terminal domain that is similar to the E1A C-terminal domain involved in interaction with FOXK1/K2. Among the E6 proteins of this subgroup, the E6 protein of HPV20 contains an amino acid substitution for the conserved Thr residue (Thr 3 Glu). To determine whether the E6 proteins of these HPVs interact with FOXK1/K2, we transfected plasmids that expressed Flagtagged versions of different E6 proteins in 293 cells. The proteins were immunoprecipitated with the Flag antibody and probed with antibodies specific to FOXK1/K2 (Fig. 5B) . HPV21 E6 and HPV14 E6 readily interacted with FOXK1/K2 proteins while the related HPV20 E6 as well as HPV5 E6 did not interact. Similar to E1A, mutations in the conserved Thr and Ser residues in HPV21 E6 abolished interaction with FOXK1/K2. Mutations elsewhere in HPV21 E6, S14 3 A or L44/D46/L48 3 AAA (Fig. 5B) , did not affect the interaction. These results suggest that Adv5 E1A and HPV21/14 E6 proteins interact with FOXK1/K2 transcription factors through a conserved Thr-Ser-containing motif. Suppression of cell transformation by HPV21 E6. To determine whether HPV21 E6 can suppress cell transformation, we carried out a cooperative transformation assay in primary BRK cells by cotransfection of E1A dl1132 and Ras along with HPV21 E6 or a mutant (S8 3 A) defective in interaction with FOXK1/K2. Cotransfection of HPV21 E6 with E1A dl1132 suppressed transformation while the S8 3 A mutant did not (Fig. 5C ). The mutant E6 induced an increase in transformation (compared to dl1132 and Ras), possibly due to an inherent transforming activity of E6 unmasked as a result of the mutation (S8 3 A) to the N-terminal domain. These results suggest that HPV21 E6 possesses a transformation suppression activity encoded by the unique N-terminal domain that is absent in the E6 protein of other ␤-HPVs and high-risk HPVs.
We also determined the transformation suppression activity of the N-terminal domain of HPV21 E6 by domain substitution in E1A. We constructed an E1A-E6 chimeric gene by substituting the E6 domain for the corresponding E1A sequence (Fig. 6A) . The E1A-E6 chimeric protein interacted with known E1A-interacting proteins such as pRb and DYRK1A as well as FOXK1, showing that the chimeric protein is functional (Fig.  6B) . Interestingly, the chimeric protein interacted with FOXK1 more strongly than wt E1A. The E1A-E6 chimeric construct inhibited transformation compared to wt E1A or dl1132 (Fig. 6C) . These results strongly suggest that the E1A sequences encompassing the deletion region in dl1132 and the HPV21 E6 sequences in the unique N-terminal domain are functionally similar with regard to interaction with FOXK1 and suppression of cell transformation.
DISCUSSION
In an attempt to identify new cellular targets of Adv5 E1A, we utilized the proteomic approach of TAP. Our investigation identified several well-established cellular targets of E1A in addition to novel E1A-interacting proteins, the forkhead transcription factors FOXK1 and FOXK2. E1A interaction with FOXK1/K2 occurs through the C-terminal region of E1A (exon 2). The E1A sequences involved in the interaction of FOXK1/K2 are conserved only among the species C (nononcogenic) Advs (4) . Unlike the FOXK1/K2-interacting module, the DYRK(1A/1B)/HAN11 binding sequences are located within the CR4 region conserved among different species of human Advs. Interaction with DYRK(1A/1B)/HAN11, like interaction with CtBP1/2, may be a common feature of E1A proteins of all primate Advs. Interestingly, the E6 proteins of low-risk ␤-HPVs (HPV21 and HPV14) also interacted with FOXK1/K2 through a sequence similar to that of Adv5 E1A.
Our results suggest that interaction of FOXK1/K2 with E1A may be mediated, at least in part, through the FHA (forkheadassociated) domain. The FHA domain is a phosphoprotein binding domain that predominantly recognizes phospho-Thr ([p-Thr] in addition to p-Ser and p-Tyr) residues within diverse proteins (39) . We have identified a Thr-Ser-containing sequence motif within Adv5 E1A and HPV21/14 E6 that is essential for interaction with FOXK1/K2 transcription factors. Our results show that both Thr and Ser residues are essential. Between these critical residues in E1A, Ser-219 and Ser-231 were reported to be phosphorylated (57, 58) . We note that the phosphorylation site at Ser-219 is the consensus phosphorylation site for DYRK1A/1B, which suggests that DYRK1A/1B could possibly alter E1A activities by phosphorylation. Different phosphorylation prediction algorithms suggest that Thr-229 is not an optimal phosphorylation site, consistent with our inability to detect phosphorylation at this site (data not shown). Nonetheless, the critical importance of the Thr residue is evident from our mutational analyses of E1A and of HPV21 E6 and from the inability of HPV20 E6 (which contains a Glu substitution instead of Thr) to interact with FOXK1/K2 (Fig. 3 and 5) .
Previous results from our laboratory reported enhanced transforming, tumor-inducing, and metastasis activities associated with E1A exon 2 mutants (56). These results led us to forge the concept that E1A exon 2 possesses a transformationand oncogenesis-restraining activity (8) . Part of this activity was linked to the extreme C-terminal region of E1A which interacts with CtBP (6, 54). Our present studies have linked two other cellular protein complexes, FOXK1/K2 and DYRK(1A/1B)/HAN11 (in addition to CtBP1/2), with transformation-and tumorigenesis-restraining activities of the E1A C-terminal (exon 2) region. Our results suggest that E1A interaction with FOXK1/K2 results in retardation of E1A-induced cell proliferation and oncogenic transformation. The E1A mutant (dl1132) deficient in interaction with FOXK1/K2 consistently induced increased proliferation, transformation, and tumor formation compared to wt E1A, albeit not as robustly as mutants defective in interaction with DYRK(1A/1B)/ HAN11 and CtBP1/2 (dl1133, dl1134, and dl1135). The present results on the transforming activity of mutant dl1132 (defective in interaction with FOXK1/K2) are in good agreement with a different mutant that contained a deletion encompassing the region deleted in dl1132 (6) . In the present study, we demonstrate that deletion mutants dl1133 and dl1134, defective in interaction with DYRK(1A/1B)/HAN11 are hypertransforming, suggesting that E1A interaction with the DYRK(1A/1B)/ HAN11 complex may inhibit cell proliferation and transformation. Certain hypertransforming E1A mutants previously identified by the Quinlan laboratory (13, 51) map in the Cterminal region deleted in mutants dl1133 and dl1134 (aa 241 to 270). It would be interesting to determine whether the E1A mutants reported by the Quinlan group are deficient in interaction with DYRK(1A/1B)/HAN11. Thus, E1A interaction of all three cellular protein complexes [i.e., FOXK1/K2, DYRK(1A/1B)/HAN11, and CtBP1/2] may additively contribute to the suppression of transformation and tumorigenesis since deletion encompassing all three protein interaction regions of the E1A C terminus resulted in the most potent transforming activity (56) .
The Adv E1A C-terminal region may exert its inhibitory effect on cell transformation by deregulation of cell differentiation-related activities via recruitment of the three different cellular protein complexes (Fig. 7) . Steve Frisch reported that E1A was able to suppress the tumorigenic activity of several human cancer cell lines by engendering an epithelial phenotype (23) . Subsequently, the mesenchymal-to-epithelial transformation activity of E1A was linked to interaction with CtBP (29) and relief of transcriptional repression of cellular genes involved in the regulation of cell proliferation, differentiation, and apoptosis (28, 29) .
Like the CtBP1/2 complex, the FOXK1/K2 complex may modulate cellular pathways involved in cell proliferation, differentiation, and apoptosis. In mammalian cells, FOXK1 ap- pears to be a stem cell maintenance factor (reviewed in reference 41). Disruption of FOXK1 was reported to result in upregulation of differentiation-related genes in a muscle stem cell population (44) . In contrast to FOXK1, there are no significant studies of the activities of FOXK2. The yeast forkhead proteins Fkh1 and Fkh2 appear to be homologs of mammalian FOXK1/K2 because they both contain FHA domains, which are not typically found in other forkhead family members. Several reports indicate that Fkh1/2 have a definitive role in transcriptional regulation of the genes involved in the G 2 /M transition (65) . In addition, the activities of Fkh1/2 have been linked to pseudohyphal growth, a form of cell transformation in yeast (65) . Although transcriptional repression and activation functions of mammalian FOXK1/K2 are possible, only the transcriptional repression activity of FOXK1 has been studied in some detail (21, 61) . Thus, Adv5 E1A and HPV21/14 E6 may deregulate transcriptional activities of FOXK1/K2 either by sequestration or by redirection to other target genes to facilitate cell cycle withdrawal and promotion of cell differentiation. The DYRK(1A/1B)/HAN11 complex may also function at the crossroads of cellular proliferation and differentiation. Mammalian DYRK1A has also been shown to interfere with the Notch signaling pathway and the NFAT and Gli transcriptional programs, which are linked to cell fate and differentiation activities (3, 19, 30, 40) . DYRK1B has been shown to regulate differentiation and apoptosis (reviewed in reference 22). Lastly, the activity of yeast Yak1p has been linked to pseudohyphal growth (64) . Genetic studies of zebra fish have linked the DYRK1A cofactor HAN11 with certain differentiation programs (47) . Therefore, the E1A C-terminal region may exert its effects on cell proliferation and transformation by disruption of the cellular activities of these protein kinases and HAN11. As evidenced from genetic studies of yeast which revealed significant cross talk between Yak1p and Fkh1/2 pathways (33) , there may be cross talk between all three pathways deregulated by the E1A C-terminal region to exert a concerted effect on cell proliferation and transformation.
Of considerable significance is our discovery of a commonality between Adv5 E1A and HPV21/14 E6 proteins which target FOXK1/K2 through a conserved S/T sequence motif to suppress cell transformation. We have shown that HPV21 E6 can dampen Ras-cooperative transformation induced by the hypertransforming E1A mutant that is deficient in interaction with FOXK1/K2 (dl1132) while an HPV21 E6 mutant (S8 3 A) that is unable to interact with FOXK1/K2 is not able to do so. These results suggest that the E6 proteins of HPV that complex with FOXK1/K2 may also suppress transformation by retarding cell proliferation. What might be the functional consequence of such an activity in the natural history of these HPVs? HPV21 and HPV14, in addition to various other HPVs, are associated with benign cutaneous epidermodysplasia verruciformis (EV) lesions (9, 48) . The E6 proteins of HPV21 and HPV14 may promote differentiation by inhibiting cell proliferation to facilitate replication of these epitheliumspecific viruses. Since about half of the EV patients develop squamous cell carcinoma (49), the transformation-restraining activities of the N-terminal region of HPV21/14 E6 may also suppress the oncogenic activities of other HPVs present in EV lesions to promote productive viral infection rather than oncogenic transformation. The E6 proteins of HPV21/14 and Adv5 E1A might target FOXK1/K2 to manipulate the delicate balance between proliferation and differentiation to create an optimal cellular state for viral replication in epithelial cells. The shared mechanism may be important in the natural history of these different epithelium-specific viruses.
